SUMMARY Regional differences in wall motion and wall thickening were quantitated in the normal left ventricle using two-dimensional echocardiography (2-D echo). Using a computer-aided system, the left ventricle was subdivided in a standardized manner into 40 segments of five 2-D echo short-axis cross sections from the mitral valve level to the low left ventricle or apex. Measurements of sectional and segmental cavity areas, muscle areas and endocardial as well as epicardial peritneters, allowed assessment of contractile function using such indexes as endocardial systolic fractional area change (FAC), wall thickening (WTh), and circumferential fiber shortening (shortening). In 50 normal anesthetized, closed-chest dogs (including 10 studies in the conscious state) and in 32 normal humans, left ventricular contractile function increased significantly from base to apex. Thus, in anesthetized dogs, sectional FAC, WTh and shortening increased from left ventricular base to apex as follows: 39.4 ± 5.1% to 61.6 ± 7.2%, 20.5 ± 6.6% to 46.7 11.5% and 22.7 ± 3.4% to 35.4 5.9%, respectively. Similar trends were noted in conscious dogs. In man, sectional FAC, WTh and shortening also increased from the mitral valve to the low left ventricular level: 38.8 3.3% to 60.7 4.5%, 23.9 ± 5.6% to 28.9 ± 7.6% and 21.4 ± 5.0% to 30.6 ± 5.6%, respectively. Detailed segmental analysis in individual cross sections also revealed regional differences in contraction. Generally, contraction was most vigorous in posterior regions of the left ventricle. The septal regions exhibited lowest contraction at the base, but also the greatest increase from base to apex, both in the canine and human. Lateral regions did not show significant changes along the length of the left ventricle. Diastolic wall thickness also varied. We conclude that contraction in the normal left ventricle cannot be assumed to be uniform or symmetrical. These normal regional differences in function should be taken into account when evaluating altered physiologic states and in studying effects of therapeutic interventions.
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FOR MANY YEARS cardiologists have assumed that the pattern of contraction in the normal left ventricle is concentric and uniform, classically defined as synergic motion. i Most of the earlier studies aimed at characterizing ventricular function were therefore based on models and assumed myocardial fiber structure consistent with uniform contraction.2 3 However, animal investigations have shown that the distribution of fiber angles is complex and changes during systolic contraction; endocardial and epicardial fibers tend to be oriented longitudinally and midwall fibers circumferentially.4 A study by Greenbaum et al.5 indicates that the human cardiac fiber architecture is even more complex than previously thought. Thus, models based on uniform wall motion may not adequately describe LV function in normal states, a prerequisite for studying altered physiologic conditions. Clinical studies using cineventriculography in man have indicated that myocardial performance in the normal left ventricle is nonuniform,6'7 and noninvasive examination with Mmode echocardiography have demonstrated heterogeneity of myocardial wall dynamics.8 This nonuniformity was verified through detailed investigation in conscious and anesthetized dogs, using sonomicrometry to quantitate regional contractile function. 9 The present study was undertaken to comprehensively map and assess regional patterns of contraction in both the canine and human normal left ventricle noninvasively. Two-dimensional echocardiography (2-D echo) appeared to be most satisfactory for comprehensive quantitative assessment of segmental function from base to apex and around the circumference of the left ventricle.
Methods

Experimental Study
Fifty healthy mongrel dogs (weight 22-35 kg) were anesthetized with morphine (1.2 mg/kg i.m.) followed by pentobarbital (25 mg/kg i.v.). Respiration was maintained with a Harvard respirator pump after endotracheal intubation. The dogs were selected from a larger number in our laboratory, based on a 2-D echo, short-axis, cross-sectional image quality that permitted complete visualization of both endo-and epicardial interfaces of the left ventricle. In 10 of the 50 dogs, echocardiograms were also obtained before the anesthetic agents were administered.
A mechanical 90°ultrasonic sector scanner (ATL, Mark III or 300) was used for the 2-D echo studies. The left ventricle was imaged with the dog lying in a right lateral position and the transducer placed underneath the chest wall.'0 Human Subjects Thirty-two normal humans (mean age 34 years, 14 females) with superior 2-D echo parasternal short-axis views of the left ventricle were selected from hospital employees, as well as patients undergoing 2-D echo in our outpatient laboratory. Most of the latter patients were young females, in whom echocardiograms were performed to rule out mitral valve prolapse, and results found to be negative. All subjects were examined in a 30 60°left lateral position.
2-D Echo Views and Wall Motion Analysis
Several short-axis views from base to apex of the left ventricle were obtained using the parasternal window, in both dogs and humans ( fig. 1) the LP and the apex, with papillary muscles still seen. The apical short axis was defined as the section with the smallest luminal area, where no papillary muscles could be visualized. All six short-axis views were obtained in the 50 dogs. MV, HP and MP sections were obtained in all 32 humans. LP and LLV views were adequate in 27 and 14 cases, respectively. The apical short-axis' view was satisfactory in a small number of humans, and therefore was not analyzed.
Images were recorded at 30 frames/sec on a video recorder (Panasonic NV8200). Wall motion analysis was initiated by outlining epi-and endocardial interfaces in end-diastolic'and end-systolic stop frames using a video-disc system, which allows better appreciation of wall dynamics and thus improves interface delineation. End-diastolic frame was chosen as the largest and most circular short-axis section, and endsystolic as the smallest area, using the ECG as a guide. The largest end-diastolic areas generally coincided with the peak of the QRS or one frame thereafter (presumably in the isovolumic contraction phase), and end-systolic frames were usually near the end of the T wave. Images were manually traced-and then digitized into a computer (PDP 11/34) Thus, FAC measures the extent of area change during systole in relation to the end-diastolic area, WTh the systolic change in wall thickness and shortening the extent of segmental perimeter shortening relative to its end-diastolic length.
FAC and shortening were calculated for both endocardium and epicardium. Because of the more circumferentially oriented myocardial fibers in the midwall, shortening was also calculated and expressed as the mean value between endo-and epicardial shortening.
Wall thickness, perimeters and derived measurements were obtained from the short-axis sections excluding the papillary muscles; area measurements were 'calculated including as well as excluding papillary muscles. Wall thicknes's in each segment was derived by dividing the regional muscle area by the average segment perimeter. All measurements were obtained for both the overall sections (sectional function) as 
Human Study
Data measured in humans were analyzed by a oneway ANOVA with repeated measures or Hotelling's T test.'2 Significant ANOVA results (p 0.05, twotailed) were followed by Tukey's multiple comparison procedure, while significant Hotelling T results were followed by Scheffe-type simultaneous confidence intervals with alpha levels set at 0.05. The analysis was conducted in two phases. The first phase consisted of the sectional analysis. Because fewer patients had data for the LP and LLV sections, the analysis for sectional function was additionally conducted in two separate parts. First only the MV, HP and MP views were contrasted using the entire sample of 32 patients. As the second part, all five sections were contrasted, which reduced the number of patients in the analysis to 14. The second phase consisted of the analysis for segmental function (segment 1 vs 3 vs 5 vs 7).
The agreement between the fixed method and the epicardial or endocardial area center superimposition methods for segmental wall motion studies was assessed using the intraclass correlation. To further verify the comparability between the methods, a Wilcoxon paired-sample test was used, and the intraclass correlations for the fixed and endocardial superimposition methods were compared with the correlation for the fixed and epicardial superimposition methods for both FAC and WTh.
Results
Left Ventricular Sectional Function
The results of sectional FAC, shortening and WTh 1236 CIRCULATION in anesthetized dogs are shown in figure 3 and the results in normal humans are shown in figure 4 . Endocardial contraction in both canine and human left ventricles increases significantly from base to apex, while epicardial FAC and shortening were much lower and relatively uniform along the length of the left ventricle. Figure 5 illustrates in 10 dogs the differences in sectional FAC between conscious and anesthetized states. The general trends were similar, but contraction was more vigorous during the conscious state. The mean heart rate was 79.0 ± 21.2 (± SD) in the conscious and 86.2 ± 10.3 in the unconscious state (NS). The absolute changes in sectional area and perimeters in short-axis views in 10 conscious dogs and in 14 humans are tabulated in table 1. Although endocardial FAC was significantly smaller at basal levels, absolute area changes in humans did not vary significantly from the MV to LLV level, indicating that the regional contribution to stroke volume is relatively uniform along the left ventricle, but starts to decrease near the apex. The latter was best appreciated in the dogs, in which an apical short-axis view could be studied. For the absolute changes in perimeter, the basal cross-sections presented again with the lowest values, and the largest absolute changes were seen in the middle left ventricle (MP and LP sections).
Inclusion and Exclusion of Papillary Muscles in Wall Motion Studies
The effect of including or excluding papillary muscles in area measurements in the derivation of endocardial FAC in short-axis sections is shown in figure 6 . FAC in sections containing papillary muscles (HP to LLV) is smaller when these structures are excluded for endocardial outline. However, the base-to-apex trends are similar whether papillary muscles are included or excluded. except the values for fixed vs endocardial superimposition methods for FAC at the MV level midseptal wall (segment 7) and LP level posterior wall (segment 1). The correlations for fixed vs epicardial superimposition methods were uniformly higher (p < 0.03) than those for the fixed vs endocardial superimposition for FAC measurements. There was no significant difference between these correlations for WTh.
Interobserver Variability of 2-D Echo Measurements
The interobserver variability of measurements for sectional and segmental areas as well as wall thickness is given in Both human and canine 2-D echo studies revealed that contraction increases gradually from base to apex of the left ventricle. FAC derived by 2-D echo, which characterizes endocardial motion, was about 60% near the apex for both human and dog, vs about 40% at the base of the left ventricle. Although relative contraction appears to be greatest at the left ventricular apex, it contributes less toward stroke volume because the absolute systolic change in cross-sectional area is smallest near the apex (table 1) No 6, JUNE 1983 ber of longitudinally oriented fibers, resulting in a more pronounced muscle thickening. As one approaches the apex, this middle layer becomes progressively thinner.5 Regional differences in contraction of FAC and thus in left ventricular ejection fraction ( fig. 6 ). This is probably related to the observation that the papillary muscle during systole appears relatively larger than in diastole. A Recognition of the base-to-apex variations in contractile function is important, not only for identification and quantitation of dysfunction at specific levels of the LV, but also because there is some evidence from recent experimental studies that the functional response to loading, heart rate, and therapeutic interventions is not uniform, and may also vary along the length of the left ventricle. ' ventricle also suggested heterogeneous regional myocardial performance. 2>26 We found regional variations in endocardial motion and wall thickening, and also intersegmental variation in end-diastolic wall thickness ( fig. IB) , which in itself has important clinical implications. Significant regional differences were also noted in midwall shortening ( fig. lA) Most studies of regional wall motion in the human applied invasive methods, which do not lend themselves for practical sequential studies. Also, in contrast to the relatively easy assessment of akinesis-dyskinesis, considerable disagreement persists with respect to Figure 12 shows an example of evaluation of segmental wall motion and thickening using our quantitative 2-D echo model in a patient with regional left ventricular dysfunction. Figure 12 clearly 
